Commensurability effects in overlap Josephson junctions coupled 

with a magnetic dots array 
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Experimental observation of the strong influence of an array of ferromagnetic nanodots on the 
critical current of a short overlap Josephson junction is reported. Pronounced commensurability 
effects are detected due to the presence of the additional peaks in the magnetic field induced diffrac- 
tion pattern. The changes in the Fraunhofer pattern of the Josephson junctions are account for by 
the formation of Abrikosov vortices trapped in the electrodes which induce a phase inhomogeneity 
in the junction area. 

PACS numbers: 74.50.+r; 75.75.+a 



The role played by inhomogeneities in long Josephson 
junctions is known. In typical experimental realizations, 
periodic defects of the barrier thickness provide for a spa- 
tial modulation of the critical current density j c which 
results in sharp peaks of the critical current I c on varia- 
tion of the external magnetic field H Q] . These ordered 
peak structures are observed at fields H for which the 
number of enclosed magnetic flux quanta in the junction 
is an integer multiple of the number of defects, which is 
known as commensurability. 

Over the last years, Josephson junctions with phase 
inhomogeneities have been intensively investigated. In 
earlier studies the properties of Josephson junctions with 
Abrikosov vortices (AVs) pinned in the vicinity of the 
barrier were discussed by several authors 0, 01 Re- 
cently investigations of unconventional Josephson junc- 
tions with a spatially alternating sign of the critical 
current have attracted renewed attention. The pres- 
ence of Josephson phase discontinuities results in an un- 
usual current -phase relation [4J, a highly anomalous non- 
Fraunhofer I C {H) dependence pj, and a spontaneous gen- 
eration of fractional Josephson vortices jjj. Although 
regular commensurability peaks similar to the found in 
[ij are quite expected for unconventional junctions, ob- 
serving them is difficult due to the effect of randomness 
in the spatial distribution of j c . 

On the other hand, superconducting (SC) thin films 
coupled with arrays of magnetic nanodots show clear 
commensurability effects in the measurements of mag- 
netization, critical current, and resistivity Q. Enhanced 
pinning effects have already been demonstrated when the 
AV lattice and the magnetic dots array were matched. 
However, in real SC films the effects are hidden by a 
strong intrinsic pinning and are observable only in a nar- 
row temperature range near Tq- 

Therefore, it is quite natural to combine these activ- 
ities, namely to attach an array of magnetic dots to a 
Josephson junction. Indeed, recently such hybrid fer- 




FIG. 1: (a) A regular square array of elongated magnetic 
particles on top of the SC electrode of the overlap Josephson 
junction, (b) SEM image (top view) of the setup. The dashed 
line indicates the junction region. The thick top electrode is 
shown by grey. The inset shows the elementary cell of the 
dots array. 



romagnet /superconductor (FS) systems have been suc- 
cessfully prepared and studied. The system consists of 
a Josephson junction, formed by an edge contact of two 
SC films and coupled to a chain of magnetic nanodots . 
The stray magnetic fields of the dots partially penetrate 
into the junction region and induce a spatially modulated 
Josephson phase difference tp. As a result, we have ob- 
served strong dependence of the diffraction pattern I C (H) 
on the preliminary magnetizaion of the particles. 

In this Letter, we propose and implement a hybrid FS 
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FIG. 2: Dependence I C {H) for the junction without the mag- 
netic dots. 

system which allows to study commensurability effects in 
short unconventional Josephson junctions. In this con- 
text the term "unconventional" means: these junctions 
exhibit a phase variation along a contact on a scale which 
is much smaller than the Josephson penetration depth. 
Due to a strictly periodic Josephson phase modulation, 
we succeeded in observing pronounced commensurability 
peaks in I C (H) dependence. 

The investigated short overlap Josephson junction cou- 
pled with a magnetic dots array is shown in Fig. la. The 
dots are separated from the top SC electrode by an insu- 
lating layer, which ensures no proximity effect and that 
the interaction between the junction and the dots has 
only magnetic character. Since the area occupied by the 
dots and the barrier region are far from each other and 
are separated by thick SC layer, we can neglect the pen- 
etration of the stray field of the dots through the edges 
of the junction. On the other hand, magnetic fields that 
reach the barrier by means of Meissner screening super- 
currents does not create a Josephson phase difference. 
So, modulation of the Josephson phase like considered in 
Ref. |8j] can be omitted. 

The basic idea of the experiment is to form in the top 
SC electrode a lattice of AVs by cooling the junction 
through the transition temperature Tq in the magnetic 
field of an array of magnetic dipoles consisting of single- 
domain magnetic dots with in-plane magnetization. Sin- 
gle flux quanta with opposite polarity are induced in the 
SC film at the north and south poles of the each magnetic 
dot and can be considered as a vortex-antivortex pair . 
The trapped vortex-antivortex pairs generate a built-in 
magnetic field in the barrier, which induces a Josephson 
phase difference. 

For our experiments, a series of Nb/Al — A10 x /Nb 
overlap junctions were fabricated, employing conven- 



tional technology with the area W 2 ~ 20 x 20 /tm 2 . 
The essential feature of the junctions is the thin top elec- 
trode (Nb) with a thickness is about 30 nm, covered with 
a 50 nm SiO dielectric. The junction has the critical 
current density of about j c w 100 A/cm 2 which corre- 
sponds to the Josephson length Xj « 25 /xm |ll). On 
top, the square array (lattice period a — 1.4 /mi) of elon- 
gated Co nanodots was fabricated by mag netron sput- 
tering and electron beam lithography |l2j. Figure lb 
shows a secondary electron microscopy (SEM) image of 
the system under study. The Co dots have lateral di- 
mensions of 650 nm (easy axis) x 280 nm and a thickness 
of 55 nm. The magnetic state of the dots was monitored 
by magnetic force microscopy (MFM) at room temper- 
ature. After magnetization along the easy axis all dots 
are in an uniformly magnetized remanent ground state. 
The inset of Fig. 3 shows the MFM image of the array 
of preliminarily magnetized nanodots. The dipole stray 
fields characteristics are clearly visible. A minor varia- 
tion in the contrast for different particles is explained by 
the small tilt angle between sample and scanning planes. 
Demagnetization converts these magnetic particles into a 
multivortex state. Measurements of the critical current 
I c as a function of the external magnetic field H , applied 
in the plane of the junction, were made using computer- 
controlled current sweeps at 4.2 K. The criterion for I c 
is the detection of a voltage, typically about 5 /tV. 

Figure 2 shows the ordinary Fraunhofer dependence 
I C (H) of the Josephson junction before the magnetic par- 
ticles were sputtered: there is the critical current maxi- 
mum at zero field and oscillations of I c which diminish in 
amplitude with increasing field H . The measured period 
of the diffraction pattern Hy/ = <&q/KW ~ 11.3 Oe en- 
ables the determination of the effective depth of the mag- 
netic field penetration into the SC electrodes A w 0.1 /mi, 
where $o is the magnetic flux quantum. The same Fraun- 
hofer dependence was observed when the magnetic dots 
are mainly in the vortex state. 

Qualitatively a different diffraction pattern is observed 
if the array of the uniformly magnetized nanodots is 
attached to the junction. Figure 3 shows the field- 
dependent critical current I C {H) of the junction coupled 
with the ordered lattice of magnetic dipoles. One can see 
that the typical value of the Josephson current through 
junction is noticeably suppressed in comparison with the 
case before. The symmetry of the diffraction pattern with 
respect to the external magnetic field inversion is broken: 
I c (—H) ^ Ic{H). There is also a set of observable criti- 
cal current maxima for high magnetic fields \H\ > Hw 
The two dominant side peaks of the I C {H) curve are 
clearly observed at values of the field H+ = 100 Oe and 
= —60 Oe. The relative position of H± peaks corre- 
spond to the addition/removal of one flux quantum $o 
per period a, and the following commensurability condi- 
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FIG. 3: Dependence I C (H) for junction coupled with the ar- 
ray of the uniformly magnetized nanodots. The insert shows 
the MFM images of the part 10 x 10 fim 2 of the ordered lat- 
tice of dipoles. 



tion is satisfied to a good accuracy: 

$ a (tf+)-$ Q (H_)«$o 



(1) 



where $ a (H ) = HS a is the value of the magnetic flux of 
the field H through an elementary cell S„ = A x a. 

The studied system can be represented by a square 
Josephson junction in which the gauge-invariant phase 
difference (p(r) depends on a two-dimensional vector r — 
{x, y) lying in the junction plane. The junction occupies 
the area < x, y < W. The size W is small in comparison 
with the Josephson penetration depth (W < Aj), and 
self-field effects of the Josephson current are negligible. 
Magnetostatic calculations show that for a typical value 
of the saturation magnetization M s = 800 Oe and for the 
parameters taken from the experiments, the stray field 
of both poles of the in-plane magnetized dot creates a 
(positive or negative) flux <I> S > <&o through the surface of 
the top SC electrode. So, in accordance with the criterion 
proposed in |<J] , we assume that each magnetic dot creates 
a pair of opposite vortices which pierce the top electrode 
of the junction. The phase difference (p M (r), created by 
the array of magnetic dots is determined only by the 
positions of vortices trapped in the top electrode of the 
junction, and obeys the following equations: 



A(p M 
curl z ( Vtp M 
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(2) 
J] (3) 



with the following boundary conditions at the edges of 
the junction: 
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FIG. 4: Dependence of I C (H) for a junction when the vortex- 
antivortex pairs form the ordered square lattice (W = 14a, 
d — a/3). The dash-dotted curve corresponds to a — 0°, the 
solid curve to a — 9°. The dotted line represents the Fraun- 
hofer pattern in the absence of vortex-antivortex pairs in the 
top electrode. The numbers near the peaks denote the cor- 
responding values of n in J7J. The inset schematically shows 
the elementary cell of the junction with the attached mag- 
netic dot above. The vortex-antivortex pair is represented by 
the vertical arrows near the opposite poles of the nanoscale 
magnet. 



Here r„ m = {an =p d, am) are the coordinates of vortices 
(+) and antivortices (— ) created by the square (a x a) 
array of the uniformly magnetized particles M = Mxo, 
having a size equal to 2d in the easy direction |9(. 

The critical current across the junction is given by 13] 



w 



dxdy sin [tp(x, y)] 



where the phase difference 



f(x,y) = <p M (x,y) + 



2ttA 



(H x y - H y x) 



(5) 



(6) 



depends both on the phase difference ip M and on the ex- 
ternal magnetic field H = H x x.q + H y yo applied in the 
junction plane. By using the described model, we per- 
formed simulations of the dependence of the critical cur- 
rent I c on the external magnetic field H for various values 
of the relation d/a and the different values of the angle 
a between the H and M direction. Figure 4 shows the 
results of a simulation of the diffraction pattern I c (4>a) 
(4> a = Q a (H x )/&o) for the parameters W = 14a and 
d = a/3, which are close to those of the samples in use. 
It is seen that I c (<fr a ) oscillates with a slightly varying 
amplitude when the flux (f> a increases. The period of the 
oscillations A</> a is determined by the junction width W: 
A(f> a — a/W. Strong additional peaks occur at 



y=o,w 



4> a [n] 



0,±1,±2.. 



(7) 
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where 4>d = 2d/a. One observes that the positions of the 
two dominant peaks calculated from the condition J7J for 
n = -1, and d = a/3 (0 a [-l] ~ -0.33, <f> a [0] ~ 0.66) 
is in good agreement with the experimental data (see 
Fig. 3 to compare). The fixed shift of the peaks 4>d can 
be explained by the presence of the built-in field H in = 
Hi n Xo = —H a (2d/a) Xo, which creates the average gradi- 
ent of the phase difference: (d y ip M ) = —q a (2d/a). Here 
H a = $>o/S a is the field of one flux quantum enclosed in 
the cell area, and q a = 2n/a is the inverse lattice con- 
stant. The peak for n = occurs when the ^-projection 
of the external magnetic field H overcomes the built-in 
field H m : H x + H in = 0. 

The position of the dominant peaks is determined by 
commensurability between the periodic modulation of 
the Josephson current due to magnetic dots and the im- 
posed modulation owing to the external magnetic field 
H. The maximum contribution from the oscillating term 
in j = j c sin [tp(x, y)] to the total current across the junc- 
tion I corresponds to the field H for which the the spatial 
Josephson current wave 

j-sin(qr), q = (q x , Qy) = (H + Hj„) (8) 

has the same space harmonics as the phase factor 
ip M (x,y). If the angle a is small so as q y <C q a , the 
resonant condition between the wave number q x and the 
inverse lattice constant q a 

q x = nq a , n = 0,±l,±2... (9) 

defines the values of the external magnetic field H x for 
which the commensurability peaks of I C (H) arise: 

H x = nH a - H in (10) 

By taking into account that <f> a = H x /H ai it is easy to 
rewrite the last equation in the form of condition J7|. 
Note that the considerable suppression of the character- 
istic critical current observed in the experiments can be 
explained by misalignment of the external magnetic field 
H with respect to the easy axis of the magnetic dots. 

So, most of the qualitative peculiarities of the experi- 
mentally observed diffraction pattern can be consistently 
explained in the framework of the model, when the array 
of the uniformly magnetized nanodots creates an ordered 
lattice of vortex-antivortex pairs in the top electrode of 
the junction. However, the critical current dependence 
I C (H) in the vicinity of H = (see Fig. 3) is not con- 
sistent with the result of the simulations presented at 
Fig. 4. This disagreement between theory and experi- 
ment can be explained by the junction design. There is a 
certain area near the edge of the junction with a thick top 
electrode (about 200 nm), when the magnetic dots and, 
thus, a periodic modulation of the phase difference are 
absent. This part of the junction has an ordinary Fraun- 
hofer pattern like shown in Fig. 2, and is responsible for 
the central peak of I C {H) in Fig. 3. 



In summary, we measured commensurability peaks in 
I C (H) of the short overlap Josephson junctions coupled to 
an array of the magnetic nanodots. The position and the 
amplitude of the observed peaks conform to the proposed 
model in which the vortex-antivortex pair are created by 
cooling the junction through the transition temperature 
T c in the stray magnetic fields of the in-plane magnetized 
dots. Thus, we have made the indirect confirmation that 
single flux quanta with opposite polarity are induced in 
the SC layer at the opposite poles of the in-plane mag- 
netic dot [9j . The experimental results show that the vor- 
tex lattice is quite perfect despite of the intrinsic pinning 
inherent in SC films. We observed a strong variation of 
the maximum critical current which depends on the mag- 
netic state of the particles. This gives us the possibility 
to control the Josephson phase in the hybrid FS systems. 

We are indebted to A.S. Mel'nikov and LA. Shere- 
shevskii for useful discussions, and to G.L. Pakhomov 
and B.A. Gribkov for assistance in the preparation of the 
samples and MFM measurements. The work was sup- 
ported by the RFBR (#03-02-16774) and the program 
RAS " Quantum Macrophysics" . 
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